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Spin-bearing molecules can be stabilized on surfaces and in junctions with desirable properties
such as a net spin that can be adjusted by external stimuli. Using scanning probes, initial and final
spin states can be deduced from topographic or spectroscopic data, but how the system transitioned
between these states is largely unknown. Here we address this question by manipulating the total
spin of magnetic cobalt hydride complexes on a corrugated boron nitride surface with a hydrogen-
functionalized scanning probe tip by simultaneously tracking force and conductance. When the
additional hydrogen ligand is brought close to the cobalt monohydride, switching between a corre-
lated S = 1/2 Kondo state, where host electrons screen the magnetic moment, and a S = 1 state with
magnetocrystalline anisotropy is observed. We show that the total spin changes when the system
is transferred onto a new potential energy surface defined by the position of the hydrogen in the
junction. These results show how and why chemically functionalized tips are an effective tool to
manipulate adatoms and molecules, and a promising new method to selectively tune spin systems.
INTRODUCTION
The magnetic behavior of adatoms and single molecular
magnets on surfaces is usually defined by static param-
eters such as the local symmetry, the spin-orbit interac-
tion, or the exchange coupling with the electron bath of
the host. [1–5] However, there is widespread interest in
actively controlling molecular and adatom spin states for
switching applications. [6, 7] Beyond imaging and spec-
troscopy, scanning probes are atomically precise manipu-
lation tools. [8, 9] When manipulation and spectroscopy
operate in tandem, it is possible to observe the formation
of chemical bonds and continuously tune the exchange in-
teraction between magnetic impurities. [10–13] Tip func-
tionalization, now routinely used to create chemically
precise contacts where a molecule acts as the transducer,
is one promising method for controlling spins. [14–18]
This strategy has its roots in small molecule adsorption
on metal bearing porphyrins and phthalocyanines [19, 20]
and capitalizes on two strengths of local probes: the abil-
ity to address specific atomic sites and the variable width
of the tunnel junction. With magnetic adatoms gaining
prominence as model quantum systems, it is highly desir-
able to understand how chemically reactive probes couple
to and influence the measurement process and eventually
control the resulting magnetic state.
Here, we reversibly control the total spin of cobalt hy-
dride (CoH) spin centers adsorbed on the h–BN/Rh(111)
moire´ by manipulating a single hydrogen atom with the
tip of a combined scanning tunneling (STM) and non-
contact atomic force microscope (AFM). As the dis-
tance z between the probing tip and the CoH com-
plex decreases, hydrogen initially adsorbed on the tip
apex weakly bonds to the CoH complex, inducing rapid
transitions between a correlated S = 1/2 Kondo state
and an anisotropic S = 1 state. Local spectroscopy
identifies a stable total spin at high and low values of
the conductance, while at intermediate conductance dy-
namic switching is observed. Combining conductance-
distance, G(z), and force-distance, F (z), measurements
together with density functional theory (DFT) calcula-
tions, we unravel the microscopic potential energy land-
scapes present within the tunnel junction. We demon-
strate that by coupling a functionalized tip to an under-
coordinated adatom, the reactivity of the adatom can be
harnessed to drive transitions between different total spin
states. The spin within the tunnel junction can therefore
be actively monitored and reversibly controlled with sin-
gle atom precision.
RESULTS
Figure 1A shows a constant current image of CoH com-
plexes on h–BN/Rh(111). The lattice mismatch between
the Rh(111) substrate and the single monolayer of h–BN
results in a strongly corrugated surface with 3.2 nm pe-
riodicity on which the CoH complexes appear as bright
protrusions. A clear indication of hydrogen adsorption
on the tip apex are the sharp changes in tip height, re-
duced by 20 pm (Figure 1A, red dashes), while imaging
the h–BN/Rh(111) surface in constant current mode. [21]
Figure 1B shows an individual CoH complex located near
the rim-valley boundary of h–BN/Rh(111) imaged with
a hydrogen-functionalized tip. At low junction conduc-
tance (G = IS/VS = 1.61 × 10−4 G0; G0 = 77.48 µS,
the quantum of conductance), corresponding to relatively
large tip-sample separations z, the increased contrast due
to hydrogen in the junction partially overlaps a CoH (Fig-
ure 1B, bottom panel). As G is increased and z decreases,
this boundary region transitions to a noise speckled cir-
cle with a brighter appearance, i.e. larger z-height, to
compensate for an overall increase in the conductance.
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Figure 1: Influence of Hydrogen Functionalized Tips on Imaging and Spectroscopy. (A) Constant current STM
image (approximately 5 × 5 nm2; V = −15 mV, I = 20 pA; G = 1.72 × 10−5 G0) of CoH complexes on the h–BN/Rh(111)
moire´ obtained with a hydrogen functionalized tip. Areas with enhanced contrast due to hydrogen in the junction are outlined
in red. (B) Constant current STM images (1.2× 1.2 nm2, top to bottom: V = −0.3, −0.7, −1.0, −1.3, −1.6 mV, I = 20 pA,
corresponding to G = 8.60, 3.69, 2.58, 1.99, 1.61×10−4 G0) of a CoH complex highlighting the strong conductance (tip-sample
distance) dependence of imaging with a hydrogen-functionalized tip. (C) Local spectroscopy obtained on the CoH complex in
panel (B), the tip was centered on the dark lobe (G = 1.61× 10−4 G0). At G = 6.45× 10−4 G0 (blue), a set of double steps is
observed, indicative of a spin 1 complex with magnetic anisotropy. Increasing the conductance in steps of ∆G = 0.16×10−4 G0
leads to the unstable spectroscopy until a spin 1/2 Kondo peak emerges at high conductance (red, G = 12.9 × 10−4 G0). All
spectra are normalized to the differential conductance at −10 mV, normalized spectra are offset by 0.5.
Given the strong G dependence within such a narrow
range, these results hint that the observed contrast is not
solely due to the local topography, but also due to me-
chanical and electronic changes in the junction. Indeed,
these images are qualitatively similar to measurements
of undercoordinated metal adatoms in the presence of
adsorbed hydrogen. [22, 23] As the hydrogen content of
the CoHx complex governs the spin state, [5] ( dI/dV)
spectroscopy was performed while varying the setpoint
conductance G with the tip positioned over the central
region. At the lowest conductance, G = 6.45 × 10−4 G0
(Figure 1C, bottom curve), the spectra show two sym-
metric steps around zero bias with increasing differential
conductance. These steps originate from the inelastic
spin excitations of a CoH complex with total spin S = 1
where magnetocrystalline anisotropy has removed the 3d
level degeneracy. Increasing G results in progressively
unstable spectra until the emergence of a stable zero bias
peak at G = 12.9×10−4 G0, identified as a S = 1/2 Kondo
resonance of CoH2. [5] This transition is fully reversible
and the initial S = 1 total spin state restored when the
junction conductance is reduced (see Fig. S1). We ob-
serve a metastable state, when G is between 8×10−4 G0
and 11× 10−4 G0, where the hydride complex randomly
transitions between the S = 1 and S = 1/2 states on a
timescale of 100 ms. The change in tip-sample separa-
tion for this conductance range corresponds to a ∆z of
less than 25 pm. Note, that this metastable behavior
does not depend on the bias voltage during the spectro-
scopic measurement. Differential conductance (dI/dV )
spectroscopy not only identifies the spin state, but it
also aids in the interpretation of the STM images in Fig-
ure 1B. The constant current images in Figure 1B were
obtained over a bias range (0.3− 1.6 mV) where the to-
pographic appearance is closely linked to features in the
dI/dV measurements and therefore, at small bias volt-
ages, is dominated by the Kondo resonance.
To investigate the switching behavior in detail, G(z)
measurements were performed over CoHx complexes and
bare h–BN. Approaching h–BN as well as CoHx com-
plexes with a bare tip reveals a strictly exponential in-
crease in conductance, G(z) = G0 exp(−2κG (z0 + z))
with κG the decay rate, and z0 the tip-height at the initial
setpoint conductance G (Figure 2A). Functionalizing the
tip apex with hydrogen alters the junction conductance
characteristics, with G(z) showing a less than exponen-
tial increase and a reduced κG compared to data obtained
with a bare tip (Figure 2B). This characteristic behavior
is similar to the observations of Weiss et al. on a complex
organic molecule with a hydrogen-functionalized tip. [18]
However, approaching a CoH complex with a hydrogen-
functionalized tip, G(z) closely follows the h–BN trace
until the conductance rapidly decreases by a factor of 2.5,
indicating the S = 1 to S = 1/2 transition (Figure 2B,
red) observed by local spectroscopy in Figure 1C. There-
fore, the drop in conductance stems from both the direct
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Figure 2: Conductance – distance spectroscopy. (A) Conductance-distance, G(z), curves obtained with a bare Pt tip on
h–BN (black), CoH (dashed blue), and CoH2 (dotted yellow) at a tip-sample bias V = −10 mV. (B) Using a functionalized tip,
CoH+Htip (red), a conductance discontinuity, corresponding to the S = 1 to S = 1/2 total spin change, is observed at a relative
height z of 70 pm. The functionalized tip approaching the substrate, h–BN + Htip (dashed green), shows no discontinuity
and a non-exponential character. For direct comparison, the CoH G(z) measurement from panel (A) is plotted again (dashed
blue). Inverse decay constants, κG [nm
−1]: (A) h–BN (black): 8.7± 0.1; CoH (dashed blue): 9.9± 0.1; CoH2 (dotted yellow):
9.8± 0.1; (B) h–BN + Htip (dashed green): 6.6± 0.3 (0 < z < 70 pm), 7.7± 0.4 (70 < z < 200 pm); CoH + Htip (red): 6.9± 0.4
(0 < z < 70 pm), 8.5±0.5 (70 < z < 200 pm). The color- and linetype-coded insets schematically depict the junction geometry.
(C) Plots of the majority (left) and minority (right) spin projected density of states (blue: d orbitals, red: sp orbitals) of a
S = 1 CoH complex, magnetic moment of 2.0 µB, without tip (i), one with a slight magnetic moment reduction (1.6 µB) due
to the presence of a hydrogen functionalized tip (ii), transition from S = 1 to S = 1/2 (1.2 µB) at close tip distances (iii). The
change in Stoner splitting between majority and minority bands is schematically depicted with vertical grey arrows.
transfer of hydrogen within the junction, altering the ge-
ometry and modifying the tunnel barrier, and the relative
change in total conductance between the CoH and CoH2
complexes.
To understand the electronic structure modification in
the spin switching process, we performed density func-
tional theory calculations for various representative junc-
tion geometries (Figure 2C). A CoH complex on h–BN
exhibits a nearly free-atom-like electronic structure (Fig-
ure 2C-i) with Stoner split 3d levels giving it a magnetic
moment of 2.0 µB (Bohr magneton). [5] Approaching
the complex with a Pt tip which has a hydrogen atom
bound to its apex (Figure 2C-ii) gradually introduces in-
direct bonding via the H of the CoH complex, resulting in
the reduction of the Co magnetic moment (Figure 2C-ii).
The magnetic moment of Co remains close to 2 µB, an ef-
fective S = 1 state, until the approaching functionalized
tip brings the H sp orbitals into direct overlap with the
Co d orbitals (Figure 2C-iii). Bonding of two H atoms to
Co, as shown in our previous work, is strong enough to
partially quench the magnetic moment of Co, reducing it
to 1.2 µB, an effective S = 1/2 state.
To reveal the microscopic forces at work in the spin
transition, we track the frequency shift, ∆f , of the os-
cillating tuning fork from its non-interacting resonance
frequency f0 = 29, 077 Hz. We measure ∆f(z) curves
over switching complexes and the bare h–BN. To re-
move the long-range forces between the extended tip and
the sample we subtract the background from the data,
i.e. ∆f = ∆fCoH −∆fh–BN (see Methods and Fig. S2).
The ∆f is small and negative before rapidly decreasing
on approach (Figure 3A, black). This sharp drop in ∆f
coincides with a change in the G(z) measurement simi-
lar to Figure 2B, however here this feature is broadened
due to averaging over the 100 pm oscillation amplitude
(Figure 3A, gray). Short range forces, F (z′), were quan-
tified by converting ∆f(z) using the method of Sader
and Jarvis. [24] Prior to the S = 1 to S = 1/2 transition,
the force between the tip and sample is weakly attractive
and grows exponentially upon approach. As the hydro-
gen on the tip apex couples to the CoH-complex, the
attractive force grows steeply over a transition region of
35 pm before leveling off (Figure 3B). The instantaneous
junction conductance, G(z′), deconvoluted to remove the
influence of an oscillating tip, [25] reveals that the force
and conductance transition regions coincide.
From the F (z′) measurement, we reconstruct the 1D
potential energy landscape, U(z′), across the spin tran-
sition by integrating F (z′) (Figure 3C). The U(z′) curve
shows a steep change in slope as the tip brings the hydro-
gen closer to the CoH complex, suggestive of a transition
between potential energy surfaces. This interpretation is
broadly in line with a framework recently developed by
Hapala et al. to describe high-resolution AFM imaging
with functionalized tips. [26] One key component of this
model is that the probe particle, hydrogen in our case,
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Figure 3: Force Measurements on a Switching Complex. (A) Simultaneous frequency shift-distance, ∆f(z) (black),
and conductance-distance, G(z) (gray), measurements on a CoH S = 1 complex with hydrogen-functionalized tip. The spin
transition, occurring at a relative z height of 50 pm, is evident in both force and conductance channels. (B) Frequency shift
was converted to short-range forces (black) and the conductance was deconvoluted to remove averaging over the oscillation
amplitude (gray). On either side of the transition region the deconvoluted conductance and force increase exponentially and
can be described by the expressions, G(z) = G0 exp(−2κG (z0 + z)) and F (z′) = F0 exp(−2κF (z0 + z′)), respectively. Inverse
decay constants, κG [nm
−1]: 13.0±0.5 (0 < z′ < 30 pm), 9.5±0.1 (70 < z′ < 200 pm); κF [nm−1]: 10.0±0.5 (0 < z′ < 30 pm),
4.2 ± 0.3 (70 < z′ < 200 pm). (C) Interaction potential energy surface during the S = 1 to S = 1/2 transition (black)
determined by integrating the experimental F (z′) data. Dashed lines highlight the change in slope and indicate the point
where a lower potential energy surface becomes accessible. Vertical dashed lines in (B) and (C) indicate the transition regime.
For all curves, zero distance corresponds to the point of closest approach. (D) Simulated diabatic potential energy curves for
a CoH/h–BN/Rh(111) complex approached by a H-functionalized Pt tip (dashed blue) and a CoH2 approached with a bare
tip (dash-dotted red). The approximate adiabatic curve is shown as grey dotted line. The reaction coordinate dCo−Pt is the
distance between the Co and the apex Pt atoms.
not only follows the lowest potential energy surface but
also undergoes relaxation within the junction. In our
U(z′) measurement, the kink corresponds to the relative
z′ distance where the hydrogen on the tip apex can relax
onto a lower potential energy surface. Chemically, the
CoH is transformed into CoH2, a magnetically distinct
complex with a different potential energy surface. DFT
calculations show that the transition between the two
distinct chemical configurations proceeds via a contin-
uum of intermediate transition states. This intermediate
regime is characterized by hydrogen on the tip sharing its
bond with the tip apex an the CoH while simultaneously
undergoing reorientation within the junction. To tackle
this complexity, it is instructive to examine the diabatic
potential energy surfaces in the limiting cases, that is,
when CoH interacts with a hydrogen-functionalized tip
and CoH2 interacting with a clean metallic tip. In Fig-
ure 3D we plot the dependence of the total energies of the
two above configurations (dash-dotted red and dashed
blue curves, respectively) on the tip-sample distance d
(see methods section and Figure S6), the chosen reac-
tion coordinate for our system. The intersection of the
two potential energy curves with varying junction width
confirms that hydrogen transfer drives the spin transi-
tion and is consistent with experimental observations. As
mentioned above, the system does not follow the diabatic
curves, rather, it undergoes a barrierless transition along
a reaction path difficult to precisely identify by ab ini-
tio methods due to the shallowness and unevenness of
the hydrogen potential energy landscape in the junction.
An approximate shape of this pathway is shown in Fig-
ure 3D with a grey dashed line linking the two asymptotic
5cases. The presence of a transition region (grey regions
in Figure 3B,C) further indicates that the spin switching
is driven by the approaching hydrogen and that the resi-
dence time is shorter than the measurement time, leading
to an averaging and smearing-out when probed with the
oscillating tip. Furthermore, the increased mechanical
dissipation during the transition (∼ 55 meV/cycle, see
Figure S3) is in good agreement with the potential en-
ergy difference across the transition region of the U(z′)
measurement (∼ 35 meV) and points to the existence
of hysteresis on the timescale of the oscillation period
(2f0)
−1 ∼ 15 µs.
DISCUSSION
We have reversibly switched the spin state of cobalt hy-
dride complexes in a tunnel junction by using the hydro-
gen on the tip apex as a tunable ligand. During the total
spin change, a transition region exists where the hydro-
gen can occupy two nearly equivalent sites separated only
by a negligible barrier. As the junction conductance is
altered, site equivalence is removed and the tip displace-
ment shifts the system into a preferred site. Beyond total
spin, interactions with the tip determine how the cobalt
spin couples with the host electron bath and whether a
correlated Kondo state emerges. The relative stability of
the double potential well and the possible occurrence of
correlations is expected to be dependent on the materials
used and the reactivity of the adsorbed molecule on the
tip and the undercoordinated adatom. Reconstructing
the 1D potential energy landscape shows that chemical
transformation within the junction is responsible for the
change of the total spin. Our measurements highlight
how tip functionalization can influence the spin under
investigation and suggests that they may be used to tai-
lor molecular spins in ways difficult to achieve through
traditional chemical synthesis.
MATERIALS AND METHODS
The clean Rh(111) surface was prepared by multiple cy-
cles of argon ion sputtering and annealing to 1100 K
in an ultrahigh vacuum chamber. During the final an-
nealing cycle borazine (B3N3H6) gas was exposed to the
hot sample at a pressure of 1.2 × 10−6 mbar for about
∼ 2 minutes, resulting in a monoatomic layer of h–BN.
Subsequently, the sample was cooled down (∼ 20K) and
cobalt was deposited via an electron beam evaporator.
As hydrogen is the predominant component of the resid-
ual gas background it is responsible for the formation
of the cobalt hydride complexes. STM/AFM experi-
ments were performed on a homebuilt instrument operat-
ing in ultra-high vacuum at a base temperature of 1.1 K.
All spectroscopic (dI/dV ) measurements were obtained
by adding a small sinusoidal voltage (Vmod = 0.2 mV,
fmod = 600−800 Hz) to the bias voltage V and using an
external lock-in amplifier. We used V = −10 mV for ad-
justing the conductance G prior recording dI/dV curves
by varying V at constant z, as well as for recording G(z)
and ∆f(z) curves at constant V . Hydrogen pickup oc-
curs fortuitously while performing our experiments, for
example, during the approach of an initially CoHx (x
=1–2) complex with a non-functionalized tip. Hydrogen-
terminated tips were initially identified by features such
as enhanced contrast in constant current imaging and
then verified by the characteristic non-exponential be-
havior in G(z) measurements (Figure 2B, green).
The quartz tuning fork has a resonance frequency of
f0 = 29, 077 Hz and a quality factor of approximately
10,000. Oscillation amplitudes of 100 pm were used. For
the frequency shift curves, ∆f(z), the tip was positioned
above the CoH complex with the oscillating tuning fork
at G = 1.72× 10−5 G0. The feedback loop was disabled
and the oscillating tip then approached 200 − 300 pm
towards the sample and back. Immediately after com-
pletion, a retract curve was obtained by moving 2000 pm
away from the surface (see Figure S2). When this se-
quence was completed, the tip was moved at constant
height to the bare h–BN and ∆fh–BN was obtained. The
frequency shift due to short-range forces are obtained by
taking the difference ∆f = ∆fCoH−∆fh–BN. We distin-
guish between time averaged signals at tip heights z and
deconvoluted (instantaneous) signals at tip heights z′.
First principles calculations have been carried out in
a manner consistent with the calculations employed in
our previous work. [5] In brief, a density functional the-
ory approach, based on the projector-augmented-wave
method [27] and a plane-wave basis set, [28] was used as
implemented in the Vienna Ab-initio Simulation Package
(VASP). [28, 29] Exchange and correlation were treated
with the gradient-corrected functional as formalized by
Perdew, Burke and Ernzerhof. [30] On-site Coulomb in-
teraction corrections were accounted for in the framework
of the LSDA+U formalism as introduced by Dudarev et
al. [31] The considered geometry of the system was identi-
cal to the one introduced in Ref. 5, i.e. a Rh(111) surface
was simulated by 5 Rh layers on top of which an h–BN
sheet was deposited (considered to be commensurate for
computational feasibility reasons). A CoH complex was
residing on top of an N atom of the h–BN sheet. The
tip was simulated by a Pt pyramid of 4 atoms attached
to a Rh surface. Prior to the tip approach simulation,
the tip and the sample were allowed to relax fully. After
placing the tip in the vicinity of the CoHx complex, the
CoHx complex and the apex atom of the tip (and the at-
tached hydrogen atom, where appropriate) were allowed
to relax again, assuming an equilibrium static configu-
ration. A full relaxation of the tip and the h–BNatoms
around the CoHx complex was tested and not found to
introduce any change to the results above the calculation
error level. In the experimentally relevant case of a CoH
complex being approached with a singly hydrogenated
tip we are thus left with four atoms allowed to relax in 3
6dimensions amounting to a 12-dimensional configuration
space. In effect, however, both the tip apex Pt and the Co
atoms were found to experience only vertical relaxations
which, according to our tests, result in minor quantita-
tive change of the total energies and magnetic moments.
This complies fully with our understanding of the mech-
anism of CoHx complex spin switching, the latter being
governed fully by the Co−H bonding, which in turn is al-
tered through the rearrangement of the hydrogen atoms.
To underline this fact, the calculation results presented
in Figures 3D and S4 were obtained in a diabatic fash-
ion, meaning that the initial relative orientation of the
CoHx and the TipH2−x atoms were kept frozen and only
the distance between the tip and the sample (character-
ized by the distance d between Co and apex Pt atoms
- see Figure S3) was varied. For hydrogen adsorption
and transfer energies as well as the adiabatic transition
calculation the junction was allowed to relax fully.
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Figure S1: Reversibility of the Switching Process. (A) Forward (black) and backward (red) sweeps of a conductance-
distance measurement over the CoH complex shown in Figure 3 of the main text without tuning fork oscillation with V =
−10 mV. Approach and retract curves were taken at 5−10 pm/s. The switch between both spin states occurs at approximately
the same z-height (∆z < 25 pm), thus we do not observe a significant hysteresis. (B) Bias spectroscopy over the same switching
complex at high (G ∼ 13× 10−4 G0) and low conductance (G ∼ 6.5× 10−4 G0).
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Figure S2: Long-Range Background Subtraction. Raw Data of the original frequency shift curves that were taken over the
switching complex in Figure 3 (black) and a reference h–BN background (red). Both curves were then substracted to account
for only the short range interactions (blue).
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Figure S3: Measured Dissipation Across the Spin Transition. Dissipation loss from the recorded excitation voltage of
the frequency shift and current curves in Figure 3 for the S = 1 to S = 1/2 switch. To find the power dissipation (Figure S2)
we calculate the energy stored in the mechanical motion of the tuning fork (E = 1
2
k0A
2, k0 is the spring constant, A – the
oscillation amplitude) and find the intrinsic energy loss per oscillation cycle D = (pik0A
2)/Q, where Q is the Q-factor of the
tuning fork. For the dataset in Figure 3 the parameters: Q ≈ 10000, k0 = 1800 N/m and A = 100 pm, lead to a power
dissipation per cycle of around D ≈ 35 meV. This value increases by ≈ 55 meV when the spin transition occurs at z ≈ 50 pm.
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Figure S4: Calculated Magnetic Moment as a Function of Co–Pt Separation. Evolution of the local magnetic moment
of Co along the diabatic tip approach curves in Figure 3D. In the case of a hydrogen-functionalized tip approaching a Co H
complex (blue line and circles), the magnetic moment is reduced as the hydrogen on the tip approaches Co by forming a
(partial) chemical bond. If a bare tip approaches a CoH2 complex (red line, rectangles), at small junction widths the tip forms
a chemical bond with both hydrogen atoms partially claiming their valency and reducing the bonding to Co, resulting in a
partial restoration of the magnetic moment.
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Figure S5: Bias and Polarity Dependent ∆f(z) Curves. (A) Constant current STM image (V = −15 mV, I = 20 pA,
G = 1.72 × 10−5 G0) of a CoH complex on the h–BN/Rh(111) moire´ obtained with a non-functionalized tip. (B) Local
spectroscopy obtained on the CoH with the tip positioned at the center of the CoH complex (Figure S5A, red dot) using a
conductance setpoint G = 4.30 × 10−4 G0. (C) Simultaneous frequency shift-distance, ∆f(z) (A–F, black–light gray), and
conductance–distance, G(z) (red), measurements at different bias voltages. The tip was stabilized at V = −15 mV, I = 20 pA
before turning off the feedback loop and changing the bias for the different approach curves. The change in bias and polarity
strongly influences the tunneling current (red curves), but has almost no effect on the frequency shift signal.
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Figure S6: Schematic Drawing of the Simulated Junction Geometry. (A) Schematic representation of the junction
geometry used in first principles calculations: A 4-atomic functionalized Pt tip connected to a Rh lead suspended over a CoH
complex residing on a h–BN/Rh(111) surface. For more details see the methods section. (B-D) Selected adsorption and transfer
energies with schematic representations of the relevant processes. The adsorption energy of a single H on Co/h–BN/Rh(111)
from molecular hydrogen gas phase, calculated as E(H) = E(CoH) − E(Co) − E(H2)/2, is found to be 720 meV in our
calculations. The transfer of an H atom from the CoH complex to the Pt tip raises the total energy of the system by 420 meV,
while the affinity of the second hydrogen in a CoH2 complex is found to be 490 meV lower than its affinity to the tip, which
makes the spin-manipulation of a CoH complex with a functionalized STM tip a reversible process.
